Context: Hyperglycemia plays a key role in the pathogenesis of cardiovascular complications of diabetes. Type 2 diabetes mellitus (T2DM) is associated with high-density lipoprotein (HDL) dysfunction and increased degradation of apolipoprotein I (ApoAI). The mechanism(s) of these changes is largely unknown.
C ardiovascular disease (CVD) is the major cause of morbidity and mortality in patients with type 2 diabetes mellitus (T2DM) (1) . Patients with T2DM are characterized with altered lipid and lipoprotein metabolism, including reduced high-density lipoprotein (HDL) levels (2) . The inverse relationship between HDL and CVD is mediated mainly by HDL's cholesterol transport function from the periphery to the liver by the process of reverse cholesterol transport (RCT). Apart from the removal of excess cholesterol, HDL possesses antioxidant and other functions that protect against CVD. It has been shown that the functions of HDL are altered in patients with diabetes (2) (3) (4) (5) and the catabolism of apolipoprotein I (ApoAI), the major protein of HDL involved in RCT, is increased in patients with T2DM (6, 7) . In addition, Watts et al. (8) observed that ApoA1 production was increased in patients with T2DM to compensate for the increase in HDL clearance. The accelerated degradation of ApoAI has been attributed to the increased triglyceride (TG) content of HDL and reduced plasma levels of adiponectin (9, 10) ; however, the mechanisms of increased ApoAI clearance in T2DM are largely unknown. It is also unclear whether hyperglycemia itself is linked to the degradation of ApoAI and that may contribute to impaired HDL function in T2DM.
Hyperglycemia is associated with increased CVD in T2DM, and intensive therapy aimed at restoring glucose levels reduces long-term CVD risk, suggesting that glycated hemoglobin (HbA 1c ) is a clinical biomarker for CVD risk (10) . However, the relationship of HbA 1c to CVD may not be direct and other intermediary mechanisms may also contribute to the outcome (11) . In a hyperglycemic environment, a variety of posttranslational modifications of proteins, including glycation, lead to the glucotoxicity involved in diabetic complications. In the early stages of glycation, glucose nonenzymatically reacts with the free amino group of a protein to form Amadori glycation adducts (AGAs) (12) . The degradation of AGAs further contributes to glucotoxicity through generation of advanced glycation end-products (AGEs). In contrast to the well-characterized effects of AGEs, the role of early AGAs in CVD complications of T2DM have not been characterized.
Lipoproteins, including HDL, are the primary targets of hyperglycemia-induced nonenzymatic glycation. Glycated ApoAI isolated from patients with T2DM has reduced self-association and lipid-binding capacities (13) . In vitro studies demonstrated that incubation of human HDL with glucose resulted in its reduced cholesterol efflux capacity (14) . Glycation may also reduce the stability of ApoAI, thereby contributing to the impaired HDL function in T2DM. Indeed, it has been shown that the clearance rate of in vitro glycated HDL is increased when injected intravenously into guinea pigs (15) . However, the impact of in vivo glycation on HDL ApoAI stability in diabetes is unknown. This is in part due to the fact that it is difficult to simultaneously assess the effect of posttranslational modifications on the stability of proteins and HDL flux in vivo.
In humans, HDL flux has been probed using [ 2 H 3 ]-leucine as a labeled precursor of ApoAI (16, 17) . Besides the discomfort related to the long-term intravenous tracer infusion and the methodological issues concerning data interpretation, these methods require large amounts of expensive tracers. As an alternative, we developed a simple method to measure integrative HDL dynamics in mice with heavy water ( 2 H 2 O) as tracer in vivo (18, 19) . Here, we used this method to quantify ApoAI turnover in patients with T2DM. Furthermore, we applied this approach to test the hypothesis that hyperglycemia-induced glycation reduces ApoAI stability and impairs its functions in vivo. We showed that 2 H 2 O-metabolic labeling enabled investigation of the mechanistic link between hyperglycemia and altered HDL metabolism in dietcontrolled patients with T2DM.
Methods

Subjects
The Cleveland Clinic's Institutional Review Board reviewed and approved the protocols. All volunteers gave their informed written consent to partake in the study. T2DM was diagnosed on the basis of an oral glucose tolerance test ($200 mg/dL after 2 hours of 75-g dextrose challenge) and/or HbA 1c level ($6.5%). Individuals were excluded if they self-reported engaging in intensive physical activity in the previous 6 months, had a history of alcohol and/or drug abuse, were smokers, or showed any evidence of cardiovascular, renal, hepatic, hypothyroid, or hematological diseases. In addition, we excluded all subjects on any lipid-lowering drugs (statins, fibrates), b-blockers, or steroids known to affect lipid metabolism. All subjects were advised to avoid strenuous exercise and to consume an isocaloric diet to prevent any diet-and exercise-induced change in HDL metabolism.
Kinetics study
To assess the effect of T2DM on ApoAI metabolism, we performed a kinetics study in newly diagnosed diet-controlled patients with T2DM and matched healthy controls. Subjects were admitted to the Clinical Research Unit at 7:00 AM after a 12-hour fast. After subjects' vital signs were recorded, an intravenous catheter was fitted into their dorsal vein for blood sampling, and a baseline sample was drawn. At 8:00 AM, subjects received a 4.0-mL/kg bolus of 2 H 2 O in five doses (given at 0, 1, 2, 3, and 4 hours) during the first day of the study and 10% of loading dose per day during the following 6 days. Additional blood samples were obtained at 2, 4, 5, 6, 7, 8, and 10 hours after the initial dose of 2 H 2 O. Then subjects were sent home with the daily maintenance doses of 2 H 2 O. Subjects were advised to adhere to a normal healthy diet and avoid alcohol and extraneous activities. At home, subjects were not restricted in terms of food/water intake. The subjects reported back to the Clinical Research Unit for the scheduled overnight fasted blood draws after 1, 2, 3, 4, and 7 days of initiation of the kinetics study. Serum samples were immediately processed for kinetics analyses; plasma was stored at 280°C.
Analytical procedures
Fasting plasma glucose, TG, total cholesterol, and HDL cholesterol (HDL-C) levels were measured by enzymatic analysis on an automated platform (Roche Modular Diagnostics, Indianapolis, IN). Total protein content was measured by the bicinchoninic acid protein assay method. ApoAI and ApoB100 were quantified by immunoassay methods on an ARCHITECT ci8200 Integrated Analyzer System (Abbott Laboratories, Columbus, OH). Serum levels of insulin and high-sensitivity C-reactive protein were measured using standard clinical assays. To assess the effect of T2DM on the antioxidant properties of HDL, paraoxonase-1 (PON1) activity was assayed spectrophotometrically as described (20) .
Cholesterol efflux
Murine RAW264.7 cells were loaded with 3 H-cholesterol (0.50 mCi/mL; American Radiolabeled Chemicals) for 24 hours at 37°C and exposed to ApoB-depleted serum (2%, volume-tovolume ratio) for 4 hours at 37°C (22) . In parallel, a second set of cells was treated with 8-Br-cAMP (0.3 mM final; Sigma-Aldrich, St. Louis, MO) to induce adenosine triphosphate2binding cassette (ABC) family transporter ABCA1. Cholesterol efflux was determined as the percentage of 3 H radioactivity counts in the media divided by the sum of radioactivity in the media + cells (22) .
HDL isolation and particle size analysis
An anti-HDL immunoaffinity column with a covalently coupled chicken polyclonal immunoglobulin Y that recognizes total ApoAI (GenWay, San Diego, CA) was used to isolate HDL from serum according to the manufacturer's instruction. HDL particles were separated by size using nondenaturing polyacrylamide gel electrophoresis (PAGE) on a 4% to 20% MiniProtean TGX Precast gel (Bio-Rad, Hercules, CA). To assess ApoAI oxidation and cross-linking, immunocaptured HDL proteins were fractionated on sodium dodecyl sulfate polyacrylamide gel electrophoresis (AnyKD Mini-Protean TGX Precast gel, Bio-Rad). For Western blotting, gels were electroblotted onto the PVDF membrane and incubated with antiApoAI or anti-PON1 antibody.
ApoAI analysis
ApoAI turnover was assessed using the 2 H 2 O-metabolic labeling approach as described (18) . Briefly, after removal of VLDL by ultracentrifugation, the lower phase was mixed with 3 mL of HDL-precipitating reagent (STANBIO, Boerne, TX). The supernatant containing ApoB-depleted serum was used for the analysis of ApoAI. Proteins were precipitated with cold acetone (220°C), and protein pellets were used for the analysis of ApoAI by liquid chromatography-tandem mass spectrometry (18) . Briefly, the disulfide bonds of proteins were reduced, and free thiol groups were alkylated. Proteins were digested, and tryptic peptides were analyzed by liquid chromatography-tandem mass spectrometry. The data were searched with Mascot software (Version 2.5.1; Matrix Science, Boston, MA) against the National Center for Biotechnology Information Human reference sequence database (ftp://ftp.ncbi.nih.gov/refseq/). The search was performed using cysteine carbamidomethylation as a fixed modification and methionine oxidation and lysine and arginine glycation as variable modifications with trypsin as the protease. A neutral loss of 162.05 Da was used as an additional criterion to validate glycated peptides.
ApoAI glycation
ApoAI glycation was quantified based on the averaged intensity ratios of the extracted ion chromatograms corresponding to both the native and glycated peptides. The effect of glycation on ApoAI stability was assessed based on the half-lives of the glycated ApoAI and nonglycated peptides.
Calculations
Fractional catabolic rates (FCRs) of ApoAI and its glycated peptide were calculated based on the rate of 2 H-incorporation (19) . The FCRs were determined using a single compartmental model by fitting time course 2 
H-labeling [E (t)] of analytes to an exponential growth curve equation:
EðtÞ ¼ E 0 3
1-e -kðtÞ where E 0 is asymptotical labeling; k is the rate constant, which is related to the half-life (t 1/2 = ln2/k). To account for the fluctuations in body water enrichment, 2 H-labeling of peptides was normalized relative to the total body water enrichment.
The production rate (PR) of ApoAI was calculated as the product of its FCR and pool size, which is the product of ApoAI concentration and plasma volume, estimated as 4.5% of the body weight.
Data presentation and statistical analysis
Continuous variables were evaluated for normality using the Shapiro-Wilk test. Only glycation measures showed strong departures from normality and were compared between groups defined by diabetic status using nonparametric Wilcoxon rank sum tests and were summarized using medians and quartiles. Normally distributed continuous measures were summarized using means and standard deviations (SDs) and were compared between groups using two-sample t tests. To evaluate the impact of demographic factors (age, sex, and fasting glucose, insulin, HbA 1c , and lipid levels) on associations observed, linear regression models with and without adjustment factors were performed. When necessary, log transformations (with offsets) were performed to achieve more normally distributed measures. Mean differences between groups with 95% confidence intervals were presented. Categorical factors were compared using Fisher's exact test. To assess correlations between continuous factors, Pearson and Spearman correlations were used. The present sample size, though small, was adequate to detect effect size differences in excess of 1.5 with 80% power. Based upon observed SDs, this corresponds to having at least 80% power to detect a mean difference of at least 0.006 (mg/dL) in HDL-C (SD = 0.004) and mean differences of at least 0.053 (mg/dL) (SD = 0.0035) in ApoAI. All calculations assumed a 0.05 significance level. Analysis was performed using SAS Software (version 9.4).
Results
Subject characteristics
Eight control subjects (age, 50.7 6 11.6 years; four females) and nine patients with T2DM (age, 59.3 6 8.5 years; five females) participated in the study. As shown in Table 1 , the control and T2DM groups were matched for body mass index with no significant difference in age, blood pressure level, and fasting plasma lipid values (P . 0.05). Furthermore, no differences were observed in HDL-C and ApoAI levels between groups, even after adjustment for sex (Supplemental Table 1 ). As expected, patients with T2DM had higher fasting glucose, HbA 1c , insulin, and homeostatic model assessment of insulin resistance levels than healthy controls (P , 0.05).
ApoAI turnover
ApoAI turnover in patients with T2DM and matched controls was measured using an optimized 2 H 2 O protocol.
One hour after the last bolus dose of 2 H 2 O, the 2 H-labeling of body water was stabilized at 0.85% 6 0.03% and 0.90% 6 0.05% in controls and patients, respectively (Fig. 1A) . The 2 H-labeling of ApoAI increased more rapidly in the patients than in controls, indicating an increased flux of HDL in T2DM (Fig. 1B) . Indeed, patients had a significantly higher clearance (FCR) of ApoAI (0.22 6 0.01 vs 0.41 6 0.09 pool/d; P = 0.001) than controls. This was associated with reduced half-lives of ApoAI in patients with T2DM (Table 2) . Despite the increased FCR in T2DM, ApoAI pool sizes were not different. However, the PR of ApoAI was significantly higher in the patients than in controls.
Nonenzymatic glycation of ApoAI
A linear regression analysis revealed that the half-life of ApoAI had a strong inverse association with HbA 1c (Fig. 2A) (Fig. 2C) . Because of large variabilities, glycation ratios were not significantly different between controls and patients for Lys-96 and Lys-133. Because the mass spectrometry2based method allowed us to differentiate the glycated protein fraction from the nonglycated counterpart, we separately quantified the kinetics of the glycated and nonmodified ApoAI to assess the effect of glycation on HDL stability in patients with T2DM. Kinetics of the glycated and nonglycated ApoAI populations was determined on the basis of the rate of 2 H-incorporation into the glycated and nonglycated ApoAI peptides (Supplemental Fig. 1 ). Interestingly, the turnover rate of the glycated peptide was almost threefold faster than that of its nonglycated variant (Fig. 2D) , which resulted in a significantly shorter half-life of the glycated peptide (Fig. 2E) , suggesting that hyperglycemia-induced glycation may be involved in the reduced stability of HDL in patients with T2DM. Because of low signal intensities, we could not quantify the kinetics of glycated peptides in healthy controls. For the same reason, we could not evaluate the effects of glycation at the other Lys sites on ApoAI stability in T2DM.
Impaired cholesterol efflux and antioxidant activity of HDL in diet-controlled patients with T2DM
Next, we examined the effect of glycation on HDL functions. Enzymatic activity of PON1, an HDL-associated ester hydrolase that determines antioxidant activity of HDL, was significantly lower in the subjects with T2DM than in controls (P , 0.05) (Fig. 3A, top) . This was associated with the reduced serum PON1 content in the patients (Fig. 3A, bottom) . In addition, both total and ABCA1-dependent cholesterol effluxes from lipid-laden macrophages to ApoB-depleted serum were significantly decreased H enrichment levels at a higher rate than the nonglycated (VSFLSALEEYTK) peptide, which is an indicator of its faster catabolism. (E) Glycation resulted in reduced stability of ApoAI in patients with T2DM. Half-lives of glycated (Q Hex KLHELQEK) and nonglycated (VSFLSALEEYTK) ApoAI peptides in patients with T2DM were quantified from in the patients with T2DM (Fig. 3B) . Although ABCA1-independent cholesterol efflux was also reduced in the patients with T2DM, the difference was not significant (P = 0.07), suggesting that hyperglycemia mainly affects the ABCA1-dependent efflux. ABCA1-dependent cholesterol efflux had an inverse correlation with HbA 1c (Fig. 3C) . Furthermore, strong inverse correlations were observed between ApoAI glycation at both Lys-12 and Lys-133 sites and ABCA1-dependent ( Fig. 3D and 3E ) but not ABCA1-independent cholesterol efflux (Supplemental Table 2 ). The differences in ABCA1-dependent cholesterol efflux and several other parameters, including the FCR of ApoAI, ApoAI glycation, and PON1 activity, completely disappeared after the adjustment for HbA 1c (Supplemental Table 3 ). In contrast, adjustments for other clinical parameters did not show any marked difference (not shown). Overall, these results suggest that hyperglycemia-induced ApoAI glycation is involved in impaired HDL functions in T2DM.
HDL particle size analysis
To assess the effect of T2DM on HDL particle size, HDL was isolated on an anti-HDL immunoglobulin Y column and separated by size using nondenaturing PAGE in small pre-b HDL, midsized HDL 3 , and large HDL 2 particles. Size distribution analysis of HDL particles revealed a significant shift toward the lipid-poor pre-b content in patients with T2DM ( Fig. 4A and 4B) .
ApoAI cross-links
Because T2DM is associated with accelerated oxidative damage to the plasma proteins (2) and glycation may lead to cross-linking of the proteins (12), we fractionated immunocaptured HDL proteins by SDS-PAGE. In addition to the expected monomeric ApoAI band at ;27 kDa in both groups, ApoAI-specific Western blotting of HDL proteins pinpointed two bands of ;50 and 75 kDa in patients with T2DM (Fig. 4C) . Proteomics analysis revealed that all bands were associated with ApoAI and other HDL proteins (Supplemental Table 4 ), suggesting hyperglycemia-induced inter-and intramolecular crosslinking of ApoAI in the patients with T2DM.
Discussion
The current study used a 2 H 2 O-labeling approach to measure ApoAI turnover in the patients with diet-controlled Figure 3 . Antioxidant activity and cholesterol efflux functions of HDL were reduced in patients with T2DM compared to healthy controls, and impairment in ABCA1-dependent cholesterol efflux activity was associated with hyperglycemia (HbA 1c ) and ApoAI glycation. (A) Serum PON1 activity was measured spectrophotometrically using paraoxon as substrate (top). PON1 content in immunocaptured HDL was quantified by anti-PON1 immunoblotting with ApoAI as the loading control (bottom). (B) ApoB-depleted sera from patients with T2DM and healthy controls were investigated for their ability to promote [ T2DM. We demonstrated that glycated ApoA1 FCR was significantly increased in T2DM and that was associated with impaired HDL functions. These changes were related to hyperglycemia-induced glycation of ApoAI. Finally, ApoAI glycation was associated with its rapid degradation, suggesting that hyperglycemia-induced glycation contributed to increased degradation of ApoAI in T2DM. From a clinical perspective, our data highlight that "normal" or even elevated HDL levels in T2DM do not equate with their adequate functionality. Rather, glycation of ApoAI is a marker for hyperglycemia-induced HDL dysfunction that blunts the antiatherogenic and antioxidant functions of HDL.
Although ApoAI turnover analysis is widely used to study HDL metabolism, existing methods cannot assess the effects of glycation-or oxidation-induced modifications on ApoAI kinetics and stability and HDL functionality. In this study, we simultaneously measured the turnover rates of native ApoAI and its glycated variant in humans using 2 H 2 O tracer (18) . This method in combination with a proteomics approach enabled the assessment of the effect of glycation on the stability of ApoAI. Notably, the calculated turnover rate constant of ApoAI using the 2 H 2 O method was similar to those previously reported for healthy subjects using other isotope-labeling methods (9, 16, 24, 25) . Our results show that despite no significant differences in ApoAI (and HDL-C) levels, ApoAI PR was increased, whereas its half-life was diminished, highlighting an overall increase in HDL flux in diet-controlled T2DM vs controls. Thus, in early stages of T2DM, increased production compensated for diabetes-induced accelerated clearance of HDL, keeping its level stable. This finding also marks the superiority of kinetics analysis, which can detect differences in HDL metabolism compared with common clinical static measurements that dismiss these differences on the basis of HDL levels. For example, although the pathway biology is altered but not yet to a point where it can impact the clinical phenotype.
Although the role of hypertriglyceridemia on increased clearance of ApoAI is well studied (26, 27) , very little is known about the effect of hyperglycemia on ApoAI metabolism. In our study, despite hyperglycemia, patients with T2DM had normal plasma TG levels. Presumably, therefore we didn't observe any correlation between plasma TG level and the FCR of ApoAI. In contrast, we found strong correlations between HbA 1c and the FCR of ApoAI. This prompted us to investigate posttranslational glycation of ApoAI. Nonenzymatic glycation of the proteins reflects their long-term exposure to plasma glucose. Because hemoglobin's half-life (;90 days) is longer than that of many other plasma proteins, HbA 1c levels are considered a surrogate measurement of longterm sustained hyperglycemia as a clinical marker of diabetes (28) . In this study, proteomics analysis revealed that glycated ApoAI levels were increased in the patients with T2DM. Because ApoAI's half-life in humans is 3 to 4 days, glycated ApoAI can be used as an index of shortterm glycemia in prediabetes and diet-controlled diabetes (29) . The kinetics analysis revealed that the half-life of glycated ApoAI is three times shorter than that of its native counterpart. Although future studies are necessary to dissect the effects of hyperglycemia and hypertriglyceridemia on HDL metabolism, this finding suggests that hyperglycemia rather than dyslipidemia could be involved in the increased FCR of ApoAI in early stages of T2DM.
Although our findings documented the role of in vivo glycation in HDL metabolism, the molecular mechanism(s) responsible for enhanced degradation of glycated ApoAI is not clear. Previous studies have shown that ApoAI glycation facilitates its dissociation from HDL (13) . We speculate that glycation-induced dissociation of ApoAI from HDL particles may facilitate its degradation. Renal tubule cells could contribute to the uptake and degradation of glycated ApoAI, as the kidney is involved in the clearance of lipid-free ApoAI and pre-b HDL particles in proximal tubule cells (30) . Rapid clearance of glycated ApoAI could also explain the apparent discrepancy between increased in vivo HDL flux and reduced in vitro cholesterol efflux in the patients with T2DM. It is plausible that increased HDL flux in patients with T2DM reflects inefficient cholesterol transport due to enhanced clearance of glycated ApoAI. Given the T2DM-induced changes in pre-b HDL particle distribution (Fig. 4B) , it would also be interesting to know whether the kinetics of ApoAI is impaired in this population of HDL particles. Unfortunately, the sensitivity of our method precluded assessing the effect of glycation on ApoAI kinetics in distinct HDL particles.
Although the role of AGE-induced ApoAI modification in diabetes is well characterized, very little is known about the biological significance of Amadori-modified ApoAI. It has been shown that masking positive charges of ApoAI lysine residues with acetoacetate impaired ABCA1-mediated lipid efflux (31) . It is possible that nonenzymatic glycation of HDL with glucose could also impair lipid-apolipoprotein interaction, thereby compromising lipidation, structural cohesion, and the cholesterol-efflux function of HDL. However, recent studies on the effect of HDL glycation on cholesterol efflux have yielded contradictory results, with both impairment (14, 32, 33) and no effect reported (34) . In the current study, we demonstrated that in vivo glycation was associated with reduced cholesterol efflux and the antioxidant function of HDL. Notably, the most significant effect of hyperglycemia-induced glycation on cholesterol efflux was attributed to its ABCA1-dependent efflux. Because the Lys-133 residue is part of the lipid-binding (Asn-122 to Val-143) domain of ApoAI (35) , the strong inverse correlation between ABCA1-dependent efflux and ApoAI glycation at Lys-133 (Fig. 3E) suggests that glycation at this site may impair cholesterol efflux.
Our T2DM cohort had unusual normal concentrations of HDL and TG. This may be related to the very early stage of the disease and a variety of unmeasured clinical factors, including menopausal status and concentration of sex steroids, body fat composition and distribution, and lifestyle factors (such as diet), which should be controlled in future studies as they may attenuate the results. However, despite the normal concentration of HDL, the metabolism and function of ApoAI were clearly abnormal, and we expect even more alterations in advanced T2DM, which is associated with more severe hyperglycemia and dyslipidemia. Thus, consistent with previous studies demonstrating that serum HDL-C level is not a marker of RCT (36), our results indicate that neither HDL-C nor ApoAI level reflected HDL functionality. In contrast, ApoAI turnover analysis presented here provides a surrogate measure of HDL functionality in vivo. Therefore, the method presented in this study provides a useful and robust tool to assess the effect of the disease and therapeutic modalities on HDL functionality in vivo.
In conclusion, the 2 H 2 O-based metabolic labeling approach allows for early detection of hyperglycemiainduced changes in HDL metabolism and ApoAI stability. As a simple and safe approach, the 2 H 2 O method could be applied to study HDL metabolism in other diseases to provide further insight into in vivo HDL functionality.
